We have studied the nonlinear Faraday effect of intense linear polarized light in an optically thick atomic rubidium vapor. We have shown that the polarization rotatation rate (rotation angle per unit magnetic field, in the limit of low field) reaches a saturation value as the intensity and density are increased.
INTRODUCTION
Recently, there has been great interest in improving the sensitivity of polarization spectroscopy measurements, 1, 2 and finding the limitations of optical magnetometers.
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The sensitivity of optical pumping magnetometers (OPMs) has already reached as low as 10 −9 G/ √ Hz under laboratory conditions. 4, 5 In such devices, the Zeeman level shift measurement is based on light absorption, 6 but the sensitivity can be limited by the strong absorption in a resonant system.
Scully and Fleischauer et al. 7, 8 showed that a high-sensitivity optical magnetometer based on electromagnetic induced transparency (EIT) could acheive higher sensitivity than OPMs. Their analysis showed that the high dispersion at EIT resonance can dramatically improve the sensitivity of magnetic field measurements because the absorption is suppressed by quantum interference. The use of NMOR for magnetomtry in the optical thin and thick media has been extensively studied.
9-11
These works show that the ground state coherence dephasing plays a destructive role in improving sensitivity. Various methods have been proposed to reduce dephasing rate (dφ/dB, where φ is the polarization rotation angle), e.g., using high-quality antirelaxation walls 4, 10 and buffer gas 9 can effectively increase the life time of ground-state coherence. For example, Ref.
10 reports sensitivity or the order of 3×10
Although these methods greatly improve the polarization rotation under those experimental conditions, the shot noise can be reduced by increasing the laser intensity. However, simultaneously other dephasing mechanisms, such as ac-Stark shifts, collisional broadening, and radiation trapping effects, come into play. We show here that as the density and intensity are increased, that the rotation rate reaches a maximum value.
Consider two circular polarized electromagnetic waves resonantly interacting with atoms in a Λ configuration as shown in Fig. 1 that even a small shift of magnetic sublevels can result in a change in the refractive indices for two circular components large enough so that they pick up appreciably different optical phase shifts propagating through the medium. This phase difference causes the polarization rotation of linear polarized light as it propagats through the cell. This effect is well known as nonlinear magneto-optical rotation(NMOR). If χ + (χ − ) represents the susceptibility of the birefringent medium corresponding to the right(left) circular component of the probe, the rotation angle, for small absorptions, is given by
where k p corresponds to the propagation vector of the probe and l is the length of the medium along the direction of propagation.
In absorptive-as well as dispersive-magnetometers, the smallest Zeeman level shift is determined by the signal-to-noise ratio. It is pointed out by Fleischhauer et al. 8 that the limit of the detectable magnetic field shift is determined by two fundamental restrictions: photon counting error, due to the vacuum fluctuation of the laser field (shot noise) of the photodetector, and the coupling of the laser field to nonresonant levels (ac-Stark shifts). 8, 12 Therefore, the sensitivity (the smallest detectable magnetic field δB z ) that can be fully described by these two effect is given by
The shot noise can be reduced by increasing the laser intensity, but, simultaneously the ac-Stark shift increases. Thus these two noises have opposite dependence on the intensity. Fleischhauer et al. proposed that the sensitivity of an optical magnetometer can be always improved via increasing both laser field intensity and atomic density. Hence, it could be possible to achieve better sensitivity for most of the optical magnetometers by increasing both intensity and density. However, the increase of these two parameters will lead to increasing of collisional and radiation trapping effects.
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In this paper, we show that there is an optimal intensity and density for the system to achieve the ultimate shot-noise-limited sensitivity.
EXPERIMENTAL SETUP AND MEASUREMENT
Our experimental setup is shown in Fig. 2 . A Topica DLX 110 high power tunable single mode diode laser is tuned to the 5S 1/2 (F=2)→5P 1/2 (F'=1) 795nm transition of the rubidium D 1 line, shown in Fig. 1 . The output of the laser propagates through a high quality polarizer P 1 which produces linear polarization, then through a cylindrical glass cell of length L = 5.0 cm and diameter D = 2.5 cm containing isotopically enhanced 87 Rb. The laser power can be controlled by a polarizer with a half-wave plate. To control the beam diameter, a beam expander is placed after the polarizer. The cell is installed in a temperature controlled double layer magnetic shield and the atomic rubidium density is controlled by the temperature of the coldest spot of the cell.
A longitudinal magnetic field is created by a solenoid installed inside the inner magnetic shield. An analyzer P2 is placed after the cell and titled 45 degrees with respect to the polarizer. Photodiodes PD1 and PD2 collect the light signal from both channels of the analyzer, allowing simultaneous measurements of the polarization rotation angle φ and transmission.
In our experiment, we consider the effect of different laser beam diameters, intensities, and atomic density. Because there is no buffer gas in our cell, changing the beam diameter changes the ground state dephasing rate γ 0 simply by the time of flight of the atoms across the laser beam. Increasing the beam diameter will lead to a small ground state dephasing rate and enhance the ground state coherence which results in better sensitivity. with magnetic field). We show that for a fixed intensity, the rotation rate increases with density, reaches a maximum value, an rolls off. The maximum value increases with intensity.
Rotation rate is an important factor for determining the magnetic sensitivity From the measurement of rotation rate ∂φ/∂B and transmitted light intensity, the sensitivity of measurement of δB z can be determined from Eq. (2). Figure 4 shows the calculated sensitivity as a function of intensity for the rotation data with I = 64 mW/cm 2 and diameter d = 2 mm. The inset shows the transmission for this same condition.
We clearly see that the optimum sensitivity does not occur at the same point as the maximum rotation rate, which points out the interplay between increasing rotation as the density is increased, but decreasing transmission. In other words, the two factors of Eq. (2) The plot shows the optimal sensitivity is not the same as the maximum rotation rate point. The inset shows the transmission(I out /I in ) versus density.
at different densities. In general, the optimal sensitivity occurs at ∼50% transmission and the optimal sensitivities for different intensities take place at around 30-55% transmission and the variation of sensitivity in this region is less very small.
Each curve in Fig. 3 represents the rotation rate as a function of density at a given intensity. The tendency of the individual curve has been explained by Matsko et al. 13 However, the overall profiles of the rotation rate for different larger intensities and densities from the linear region (Ω≤γ) to the nonlinear region (Ω>>γ) was never fully explored.
The study of the maximum rotation rate is significant to exploring one of two factors that describes the optimization of the sensitivity and the ability of maximizing the output rotation angle. In the future, we will report how the maximum rotation rates, and magnetic sensitivity, varries for different intensities when the optimal density is used for each different intensity.
SUMMARY
We have reported an experimental study of the nonlinear Faraday effect for varying atomic density under the conditions of different laser intensities. We have done this for large intensities and densities where from the linear region (Ω≤γ) to the nonlinear region (Ω>>γ). We have shown that the optimum sensity does not occur at the same density as the maximum rotation rate.
To date, the limitation of enhanced sensitivity via increasing the laser intensity and density has not been fully explored. Therefore, our experimental results can help lead to choosing the optimal laser intensity and density to achieve the ultimate sensitivity for an EIT-based magnetometer.
